Abstract -Among different linear motors, single-sided linear induction motors have been widely used in industry due to their simplicity and low construction cost. However, these types of motors suffer from low efficiency and power factor. In this paper, an effective procedure is proposed to design single-sided linear induction motors. The designed motor is simulated in MATLAB software in order to investigate the effect of design parameters on the performance of the machine. Regarding the obtained results, the Genetic Algorithm is employed to optimize the design considering product of efficiency and power factor as objective function. The results show significant improvement of the performance. Finally, experimental results and 2D finite element method is used to validate the model parameters and the optimization results.
Introduction
Recently, secondary-sheet single-sided linear induction motors (SLIMs) are widely used in industry especially in transportation systems due to their compatible structure and flexible choice of railroad [1] [2] [3] . Different methods such as equivalent circuit model, electromagnetic field analysis and finite-element method have been proposed for designing linear induction motors (LIMs) [4] [5] [6] [7] . Despite different merits, SLIMs have some disadvantages such as low efficiency and power factor. Hence, proper performance of these motors requires optimization of their design, considering different outputs as objective functions. In literature, different objective functions have been presented for optimization of the LIM. In reference [8] the primary weight has been considered as objective function. In other work, the thrust and power to weight ratio are maximized [9] . In [10] and [11] optimum winding design of LIM have been presented. In other researches, optimal design of the LIM for having the maximum thrust and the power factor has been done [12, 13] . In the latter works, the primary current density, the primary width to pole pitch ratio and the secondary aluminum sheet thickness have been selected as design independent variables. In [14] imperialist competitive algorithm is used to design SLIM. In this work, the design is not validated by FEM or experiment. In addition, it seems that the flux density in different parts of the motor has not been limited. According to literature, there is not a systematic method for designing SLIMs. In this paper, a computer-aided systematic and simple design algorithm is proposed for SLIM. In the proposed algorithm, different geometries of the machine are calculated using analytical equations. Then, the low speed SLIM design is optimized based on the equivalent circuit model and using Genetic algorithm. Experimental tests are done on a constructed laboratory prototype to evaluate the precision of the model parameters used in design. To confirm the validity of the optimization, finite element method is employed and the results are compared.
Calculation of Slot Dimensions
The structure of the single-sided linear induction motor as well as its teeth and slot dimensions are shown in Fig. 1 . In this figure g is mechanical clearance. Regarding the magnetic permeability of the aluminum, in calculations, the mechanical clearance is replaced with magnetic air gap. The magnetic air gap is defined as:
where d is the thickness of the secondary sheet. Considering the concept of current sheet and slotted structure of the primary, the magnetic air-gap will increase to effective air-gap which is given by [15] :
In the above equation, c k is Carter's coefficient which is given by:
where s τ is the slot pitch and is equal to:
According to [16] 
where s w is the slot width which is calculated by:
In Eq. (6) t w is the tooth width. The primary slot depth can be simply calculated by the following equation (see Fig. 1 
where s A is the cross-sectional area of the primary slot which is given by:
In the above equation, w A is the cross-sectional area of the conductor, fill F is fill factor of the slot and c n is the number of conductors per slot which is equal to:
where N is the number of turns per phase. Number of turns per coil, coil n can be calculated using c n . For singlelayer winding c coil n n = , and for double-layer winding 2 c coil n n = .
Equivalent Circuit Parameters
For the design of SLIM with negligible end effect, a simple magnetic equivalent circuit model is used. The perphase equivalent circuit model of SLIM is shown in Fig. 2 . In this figure different parameters are given as follows [16] : 
In secondary sheet linear induction motors, the secondary reactance can be neglected [6] . Also, due to law value of flux density in the air-gap, core loss is negligible. 3 cos
where r V is the motor speed, s is the slip and G is the goodness factor which is calculated as follows [16] :
Air-gap flux density is given by [16] :
In the above equation, m J is amplitude of equivalent current sheet which is calculated as follows [16] :
Using Eq. (19), the teeth flux density is obtained by:
Experimental Validation of the Equivalent Circuit Parameters
In this paper, the SLIM is designed using the equivalent circuit model. So, the effectiveness of the design mainly depends on the validity of the model parameters. In this section, calculation results of the SLIM parameters are compared with those obtained by experimental tests. In [17] , the standard test procedure for obtaining rotating induction motor (RIM) parameters is described. Similar to the RIMs, three tests are required to determine the parameters of the SLIM: DC test, primary locked test and no-load test. In case of RIM, at no-load test, due to the fact that the slip of the motor approximately approaches to zero, the rotor impedance can be neglected in comparison with the magnetizing branch impedance. Also, in rotor-locked test, due to the fact that the rotor impedance is much smaller than the magnetizing branch impedance, the latter can be neglected in calculations. However, in case of the SLIM those simplifying assumptions are not applicable. Because, in SLIMs, due to high value of the air-gap and special construction of the secondary, the magnetizing impedance is low and the secondary resistance is high in comparison with RIMs. Also, because of the friction between the primary and the rail at no-load, the slip of the motor is not very small. So, along with mentioned test results, a set of non-linear equations should be solved to accurately determine the SLIM parameters.
The primary locked and no-load tests are done on a constructed prototype in laboratory. The specification of the constructed SLIM is presented in Table 1 . Fig. 3 shows the motor input currents in no-load test. The results of the primary locked and no-load tests are given in Table 2 . By using experimental results and solving non-linear equations, the motor parameters are derived and compared with calculation results in Table 3 . It is seen in this table that the error of the primary parameters are quiet negligible. Also, the error of the magnetizing inductance and the secondary resistance are acceptable. The largest error is related to the magnetizing inductance which is -4.27%. 
Design Procedure
Equation (15) is basically used to initialize the design process. In this equation, the primary current can be estimated using the motor desired parameters:
Where xd F is the desired thrust should be produced by the designed motor. Now having desired thrust, motor speed, input voltage and proper value for cos η φ , the required input current can be calculated. In this paper, the design procedure is in such a way that the motor can finally produce the desired thrust. Thus to began with, the number of turns per coil ( coil n ) is set to 1 and increased by 1 until the thrust requirements in the design are met. In each step, the calculated thrust is compared with the desired value. If the error is acceptable the process is stopped. The flow chart of the design is shown in Fig. 3 value and the calculation is repeated. Also, in this design in order to prevent the saturation of the iron, the flux density in teeth is compared with a predefined maximum flux density. If the teeth flux density is higher than its maximum value, the arrangement of the turns in slot is changed. Table 4 shows the specification of the designed motor. In this design the obtained value of the number of turns per coil, coil n is 87 (single-layer winding is used). With this number of turns, the thrust of the motor is approximately equal to its desired value. In addition, the efficiency and power factor are obtained 46.15% and 0.1921, respectively; and the primary winding and iron weight are 3.73 and 3.41 kg, respectively. 
Simulation Results and Motor Performance Analysis
In this section, to investigate the effect of the design parameters such as the mechanical clearance, the secondary sheet thickness, the primary width, etc. on motor performance, the designed linear induction motor is simulated using MATLAB software. For optimization problem, the reaction of the motor to independent design parameters should be considered. Fig. 4 illustrates the effect of changing the secondary sheet (Aluminum) thickness on the motor outputs (other design parameters are kept constant, see Table 4 ). As it is seen in the figure, by increasing the aluminum thickness, on the one hand, the goodness factor of the motor, which is one of the important factors in machine design, increases; on the other hand, the thrust and the power factor increase until they reach a maximum value, then decrease, while the motor efficiency increases initially and then noticeably decreases. As a result, to select a proper value for aluminum thickness, there should be a compromise between different outputs such as efficiency, thrust and power factor. The variation of the outputs with changing the mechanical Fig. 5 . It is seen that increasing the mechanical clearance all the output parameters causes to decrease. As a result, in design process, the air-gap should be chosen as short as possible. It should be mentioned that, in some applications such as high-speed traction motors, minimum value of air-gap length is limited. Fig. 6 shows the simulation results of the motor by changing primary width. In this figure, other independent parameters are kept constant. As it is seen in the figure, increasing the primary width, on the one hand, decreases the thrust and the power factor; on the other hand, it increases the efficiency. It is also seen in Fig. 6 that changing the primary width has no effect on goodness factor. Reduction of the thrust by increasing the primary width is because of decreasing the input current under constant voltage due to increasing the motor impedance. According to the obtained results and considering the application of the motor and its limitations, one can develop the design in a way that the motor can produce optimum outputs. Fig. 7 shows the characteristics of the motor outputs versus slip. The variation of the outputs for SLIM in this figure are similar to those in rotating induction machine in which the thrust is comparable with the torque in rotating motor. 
Design Optimization
In an optimization problem, if the independent parameters are defined as 1 2 ( , ,..., ) n x x x x = , the object of the design process is to find a vector x such that optimize the predefined function ( ) f x under some constraints. As seen in the previous section, to design a SLIM, different variables can be chosen for vector x . Considering the results of the investigations performed in section 5, in this paper variables of vector x are chosen as follows: primary current density ( J ), primary width ( s W ), secondary sheet thickness ( d ), motor slip ( s ) and the mechanical clearance ( g ). In addition, the ratio of the primary width to the pole pitch is applied as optimization constraint:
Other constraints applied to the design are listed in Table 5 . To optimize the motor, different outputs can be considered as objective function. In this paper, regarding the importance of the efficiency and power factor, the product of them is considered as objective function:
where x is the optimization variables vector. Other rated specifications of the motor which are not considered as optimization variables, are given in Table 4 . In this paper, genetic algorithm is employed for optimization. The genetic algorithm is a method that searches among different variable values and finds a set of parameters to optimize the objective function [18] . The optimal design results obtained by the mentioned method are shown in Table 6 . It can be seen that the thrust is close enough to 
Results Validation
In this paper, because of the low speed of the motor, the end effect phenomenon is not considered in the model used for design and optimization. In addition, the permeability of the primary core and the secondary back iron was supposed to be infinity. So, it is necessary to confirm the results of the optimization. To do this, in this section the optimized design is simulated using 2-D finite element method (FEM). Fig. 8 shows the distribution of the flux density in different parts of the SLIM. As it is seen in this figure, the flux density in the air-gap and the secondary sheet is less than 0.4 Tesla in most of the areas. Fig. 9 illustrates the flux paths in the different parts of the motor as it moves in x direction. It can be seen that the flux lines are denser in exit end of the motor. As the motor moves towards right, the flux wave travels left. Induced eddycurrent density distribution in the primary and the secondary back iron as well as the secondary sheet is also shown in Fig. 10 . It should be mentioned that, the iron loss is considered in efficiency calculation. The efficiency, power factor and thrust are calculated using FEM. The calculation results are compared with FEM results in Table  7 . As seen in this table, the thrust obtained by FEM is slightly lower than that of obtained by analytical calculations. It is because of the end effect phenomenon which is not considered in analytical model. However, the results of the two methods are in good agreement with each other. Fig. 10 . Eddy-current distribution in the SLIM 
Conclusion
A simple algorithm is proposed to design the singlesided linear induction motor. The genetic algorithm is employed to maximize the efficiency and the power factor. The results show a noticeable improvement in the objective function. Experimental results are used to confirm the precision of the equivalent circuit model. The effectiveness of the optimization is confirmed by finite element method. The FEM results, in which the end effect is considered, are in good agreement with the analytical results. This confirms the validity of the proposed optimal design in low speeds. 
